A validated liquid chromatography tandem mass spectrometry method for quantification of erlotinib, OSI-420 and didesmethyl erlotinib and semi-quantification of erlotinib metabolites in human plasma, 2015, Journal of Pharmaceutical and Biomedical Analysis, (107), [186][187][188][189][190][191][192][193][194][195] The substances were extracted using protein precipitation, separated on a BEH XBridge C18 column (100 x 2.1 mm, 1.7 µm) by gradient elution at 0.7 mL/min of acetonitrile and 5 mM ammonium acetate. The concentration was determined using a Waters Xevo triple quadrupole mass spectrometer in a multi reaction monitoring mode. The total run time was 7 minutes. Deuterated erlotinib and OSI-597 were used as internal standard for erlotinib and its metabolites respectively.
Introduction
Erlotinib is an epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor (TKI) with the mechanism of action to reversibly bind the ATP pocket of the intra cellular tyrosine kinase and prevent phosphorylation and the following signal cascade usually associated with cellular growth and differentiation [1] .
Erlotinib is approved as monotherapy in first line treatment in patients with locally advanced or metastatic non-small cell lung cancer (NSCLC) harboring activating mutations in the EGFR gene. It is also approved in further lines of therapy in NSCLC, regardless of mutational status of the tumor, upon progression after at least one line of chemotherapy. The third indication in NSCLC is as maintenance treatment after at least stable disease following platinum based first line therapy. Erlotinib can also be used in combination with gemcitabine in metastasized pancreatic carcinoma. The recommended dose is 150 mg daily for NSCLC patients [2] .
Recently, erlotinib has been suggested as a candidate for therapeutic drug monitoring as extreme inter individual variation has been observed among patients treated with erlotinib [3, 4] . The interindividual variation is mostly caused by genetic factors such as polymorphous transporters and enzymes and other factors such as food intake and smoking [5] [6] [7] [8] [9] .
Erlotinib is extensively metabolized mainly by the cytochrome P450 (CYP) enzymes CYP3A4, CYP3A5 and CYP1A1 but also by CYP1A2 and CYP2D6 and only 2 % is eliminated unchanged [10, 11] . Several metabolites have been identified and the major active metabolite desmethyl erlotinib (OSI-420) has been reported at concentrations around 10 % of erlotinib [2, 12] . To our knowledge, the importance of the metabolites have not yet been determined.
Today, several validated liquid chromatography methods for quantification of erlotinib and in combination with OSI-420 have been published, using either UV [12] [13] [14] or tandem mass spectrometry detection [15] [16] [17] [18] [19] . Other techniques such as capillary electrophoresis and fluorescence spectrometry have also been used to develop methods for quantification of erlotinib [20] and three metabolites [21] . However, to our knowledge a method for determining the concentration of other erlotinib metabolites is lacking.
Absolute quantification of erlotinib metabolites is difficult as only a few are commercially available as reference substances. Instead the use of human liver microsomes (HLM), liver homogenate from ER containing all the metabolizing enzymes present in the liver, can be used to generate erlotinib metabolites for semi-quantification of these substances.
The aim of this project was to develop and validate a method for determining the concentration of erlotinib and its metabolites in human plasma, with quantification of erlotinib, OSI-420 and didesmethyl erlotinib and semi-quantification of HLM generated metabolites in human plasma with liquid chromatography tandem mass spectrometry.
Material and methods

Chemicals and reagents
Reference standards of erlotinib, desmethyl erlotinib (OSI-420) and didesmethyl erlotinib as well as the internal standards erlotinib-d6 (OSI-774-d3) and 4-methyl erlotinib (OSI-597) were purchased from Toronto Research Chemicals Inc. (North York, ON, Canada).
Ammonium acetate (AmAc) and dimethyl sulfoxide (DMSO), of analytical grade or higher, were obtained from Sigma Aldrich Sweden AB (Solna, Sweden). Acetonitrile (ACN) from Merck AB (Solna, Sweden) and methanol from Fischer Scientific AB (Västra Frölunda, Sweden) were of LC/MS and HPLC grade respectively. HLM (pool of 200 donors), NADPH regenerating system (26 mM NADP + , 66 mM glucose-6-phosphate, 66 mM MgCl2 and 40 U/mL glucose-6-phosphate dehydrogenase) and UGT reaction mix (25 mM uridin 5'-diphospho-glucuronic acid, 250 mM Tris-HCl and 40 mM MgCl2 and 0.125 mg/mL alamethicin) were purchased from BD Bioscience (Stockholm, Sweden).
Drug free EDTA plasma was donated from six volunteers (2 males, 4 females) with an average age of 25 (22-30) years.
Chromatographic conditions
The chromatography system used was an Aquity ultra performance liquid chromatography system with column manager, sample manager and binary solvent manager from Waters, Sollentuna, Sweden. Separation took place on a BEH XBridge C18 column (100 x 2.1 mm, 1.7 µm, Waters) with a BEH VanGuard C18 pre-column (5 x 2.1 mm, 1.7 µm, Waters) at a temperature of 55°C. The injection volume was 5 µL. The mobile phase was composed of AmAc (5 mM) and ACN with a flow rate of 0.7 mL/min. The following gradient elution was used: 10-50 % ACN (0-5 min), 90 % ACN (5-6 min), 10 % ACN (6-7 min). Total run time was seven min.
An Aquity Xevo triple quadrupole mass spectrometer (Waters) was used operating in positive electrospray ionization (ESI) mode. The MS parameters were as follows, with a source temperature of 150°C, desolvation temperature of 600°C, cone gas flow of 24L/Hr, desolvation gas flow of 990 L/Hr and argon as collision gas, with a flow of 0.14 mL/min.
The analytes were monitored in multi reaction monitoring (MRM) mode. Analyte specific parameters are shown in table 1.
Sample preparation
To 50 µL plasma, 200 µL of cold methanol containing erotinib-d6 and OSI-597 at a concentration of 12.5 ng/mL was added. After thorough vortex mixing (15 s) and centrifugation at 10,000 g for 5 min at 4°C, 150 µL of the supernatant was transferred to a tube containing 150 µL 10 mM AmAc. After vortex mixing (5 min) the samples were transferred to a 0.7 mL 96-well injection plate.
Metabolite generation and identification using human liver microsomes
HLM generated metabolites were used to optimize parameters for mass spectrometric detection and metabolite quantification. Metabolites were generated by adding cofactors, buffer and analyte (10 µM) to a portion of human liver microsomes on ice. The mixture was incubated at 37°C for 150 min. The incubation was stopped by the addition of four volumes of methanol and mixed thoroughly before centrifugation at 17,530 g for 5 min at 4°C. The supernatant was transferred to a glass tube and concentrated by evaporation at 37°C under nitrogen flow to a volume of approximately 600 µL. The evaporated concentrate was spiked in drug free plasma to create HLM control samples. Control incubations was performed excluding either erlotinib, cofactors or HLM. HLM generated metabolites were either identified with a targeted approach based on existing literature [11] or with an untargeted approach were potential metabolites were searched for in a full scan in the 200-600 m/z range. Potential metabolite masses with a peak significant above noise in the full scan were further studied in a daughter scan. The two most abundant fragments in the daughter scan were chosen as quantification and qualification fragments. Cone voltage and collision energy were optimized using stepwise modifications for each metabolite.
Calibration and quality control
Stock solutions of erlotinib, OSI-420, didesmethyl erlotinib, erlotinib-d6 and OSI-597 were prepared in DMSO, working solutions were further prepared by dilution with MeOH:H2O (50:50; v/v) and stored at -20°C.
Calibration standards were prepared at six levels in drug free plasma for erlotinib, OSI-420 and didesmethyl erlotinib in the concentration range of 25-5,000 ng/mL (25-75-300-1,000-3,750-5,000), 0.5-500 ng/mL (0.5-1.5-10-75-375-500) and 0.15-10 ng/mL (0.15-0.45-1-3-7.5-10), respectively. Quality control (QC) samples were prepared in five concentration levels (LLOQ-low-medium-medhighhigh) in drug free plasma for erlotinib (25-75-400-1,200-3,750 ng/mL), OSI-420 (0.5-1.5-20-100-375 ng/mL) and didesmethyl erlotinib (0.15-0.45-1.5-4-7.5 mg/mL). A calibration model of linear regression (weighting 1/x) was used for OSI-420 and didesmethyl erlotinib. For erlotinib a calibration model with quadratic regression (ln transformation) was used.
Lacking commercial reference substances, M2, M6, M7, M8/10, M11, M17, M19, M20 and M21 were quantified using the calibration curve of didesmethyl erlotinib and M3, M13 and M16 were quantified using the calibration curve of OSI-420.
Method validation
The method was validated according to guidelines from the Food and Drug Administration [22] and the European Medicines Agency [23] for erlotinib, OSI-420 and didesmethyl erlotinib. Due to the lack of reference standard, a limited validation (selectivity, precision and stability) was performed for the HLM generated metabolites, M2, M3, M6, M7, M8/10, M11, M13, M16, M17, M19, M20 and M21.
Selectivity was determined in drug free plasma from six different individuals. The area of interfering peaks should be < 20 % of LLOQ or < 5 % for the internal standards to be considered acceptable. Carryover was determined by analyzing a blank sample after the highest calibration standard. The blank sample should contain < 20 % of LLOQ or < 5 % for the internal standards.
The suitability of the calibration models were evaluated by back calculating the calibration curves. All points should be within ± 15 % of the nominal value except for LLOQ that should be within ± 20 % of the nominal value.
Intra-(n=5) and inter-day (n=11) accuracy and precision for erlotinib, OSI-420 and didesmethyl erlotinib was determined at five QC levels. Accuracy and precision should be within ± 15 % except for LLOQ that should be within ± 20 %. Intra-day precision (n=5) was determined for HLM produced metabolites at low and high concentration levels. Inter-day precision was determined in six samples analysed on three different days.
Dilution integrity of erlotinib, OSI-420 and didesmethyl erlotinib was determined using drug free plasma spiked at 10 x ULOQ (50,000 ng/mL erlotinib, 5,000 ng/mL OSI-420 and 100 ng/mL didesmethyl erlotinib) that was diluted 40 x with drug free plasma (n=5). Accuracy and precision should be within ± 15 %.
Matrix effects were studied by analyzing drug free plasma from six individuals spiked at low and high QC levels. The matrix effect was determined as the ratio between internal standard corrected area in a sample spiked after extraction and a solution of 40 % methanol in 10 mM AmAc. Matrix effects were considered acceptable if CV < 15 % [23] .
Extraction recovery was evaluated at low, medium and high QC levels (n=3) by internal standard corrected area in samples spiked before and after extraction.
Stability was evaluated for erlotinib, OSI-420 and didesmethyl erlotinib at low, medium and high QC levels (n=3). Short term stability was determined after storage of spiked plasma samples at room temperature for 24 h. Freeze-thaw stability was determined after three freeze-thaw cycles. Freezethaw stability was also determined for HLM generated metabolites at two concentration levels (n=3). Processed sample stability was determined by reinjection of a calibration curve and QC samples stored at +4°C after 8, 24 and 72 h. Long term stability was determined after storage for 12 weeks at -20°C. The analytes were considered stable if accuracy was within ± 15 % of the nominal value. Long term stability for HLM generated metabolites was determined after 10 weeks in patient samples (n=2) and considered stable if CV < 15 % in each patient (n=3).
Patient samples
Blood samples were collected from patients with non-small cell lung cancer after one and two months on erlotinib regimen. Erlotinib, 150 mg, was administered once daily and blood samples were collected in 7 mL EDTA tubes 22-26 h after last dose. Samples were centrifuged at 1350 g for 10 min at 4°C and plasma was transferred to a tube and stored at -70°C until analysis.
The study protocol was approved by the ethical review board in Linköping, Sweden (DNR 2013/201-31) and the patients provided a written informed consent prior to study entry. 
Results
A method for quantification of erlotinib and 14 metabolites was developed and validated. Typical chromatograms are shown in figures 1 and 2.
Metabolite identification
The human liver microsomes generated 14 different metabolites, eleven oxidative metabolites (M2, M6, M7, M11, M12, M13, M14, M16, M17, M19 and M21) and three glucuronides (M3, M8/10 and M20), three of which are not previously reported (M19, M20 and M21), figure 2. Optimized MRM settings can be found in table 1. The metabolite structures and biotransformation pathways were illustrated in figure 5 .
Elucidation of new metabolite structures was made from chromatograms and product ion mass spectra. Erlotinib and its metabolites share fragmentation loss at position R1 and or R2, figure 3. M19 and M20 share the same precursor and product ions as M6 and M3 respectively supporting a structural correlation, figure 4. The almost identical fragmentation pattern makes it difficult to accurately distinguish the structures from each other.
We suggest that the structures of M6 and M19 are hydroxylated erlotinib metabolites with the phenylacetylene group transformed to an acetophenone group. Different positions of the hydroxyl group in the main structure could explain the existence of more than one structure, figure 4. The structure and identity of M17 and M21 is suggested from correlation in mass spectra and relative retention times from the structurally known isomers OSI-420 (3.56 min) and M13 (3.67 min), figure 3 . OSI-420 have a major loss of methoxyethane at R2 (m/z 322) and minor loss of ethanol at R1 (m/z 336), same pattern as for the 2.31 min analyte (m/z 338 and m/z 352) while M13 show a more even distribution between methoxyethane and ethanol losses at R1 and R2 respectively, same as the 2.34 min analyte. We therefore suggest that the previously proposed structure of M17 [11] , alike OSI-420, is the 2.31 min eluting analyte and M21 is the 2.34 min eluting analyte. The position isomers of M8 and M10 could not be separated and are reported as one, M8/10.
Method validation
The method was successfully validated according to international guidelines.
Selectivity and carry-over
No interfering peaks were identified in drug free plasma from different individuals (n=6). No carryover was observed for erlotinib or didesmethyl erlotinib. However, a carry-over of 0,073 % was observed for OSI-420 (corresponding to 73 % of LLOQ).
Calibration curves
The simplest calibration model for OSI-420 and didesmethyl erlotinib was a linear regression (weighing 1/x) but for erlotinib a quadratic regression (ln axis transformation) had to be used due to signal saturation and wide range. 
NA: Above or below ULOQ or LLOQ respectively Figure 2: HLM generated metabolites after 150 min incubation. HLM control without erlotinib (A), minor metabolites (B) and major metabolites including the internal standards, erlotinib-d6 and OSI-597 (C).
Precision, accuracy and dilution integrity
Intra-batch precision and accuracy (n=5) for erlotinib, OSI-420 and didesmethyl erlotinib was < 10 % and within ± 8 % respectively for all concentration levels, table 2.
Inter-batch precision (n=12) was less than 9 %, 6 % and 14 % for erlotinib, OSI-420 and didesmethyl erlotinib, respectively, except for OSI-420 at LLOQ (17 %). Inter-batch accuracy (n=12) for erlotinib, OSI-420 and didesmethyl erlotinib was within ± 7 %.
Intra-batch precision for HLM generated metabolites was within 10 % except for M21 with a precision of 16 %, table 3. Inter-batch precision was < 15 % for HLM generated metabolites except for the high concentration of M2 and M3 with an inter-batch precision < 20 %.
Precision and accuracy for dilution integrity (n=5) was < 3 % and within ± 11 % respectively for erlotinib, OSI-420 and didesmethyl erlotinib supporting a dilution of samples with concentrations above ULOQ.
Matrix effects and recovery
Matrix effects, at low QC was 99.3 ± 3.8 %, 69.7 ± 5.6 %, 80.3 ± 4.6 % for erlotinib, OSI-420 and didesmethyl erlotinib respectively (n=6). Matrix effects at high QC were 96.7 ± 0.9 %, 88.3 ± 0.7 % and 91.1 ± 2.1 % for erlotinib, OSI-420 and didesmethyl erlotinib respectively. Matrix effects were observed in OSI-420 and didesmethyl erlotinib but the effects were consistent between individuals (CV < 6 %). Extraction recovery for erlotinib, OSI-420 and didesmethyl erlotinib was above 89 %, 99 % and 89 % respectively. 210  220  230  240  250  260  270  280  290  300  310  320  330  340  350  360  370  380  390  400   %   0   100   m/z  200  210  220  230  240  250  260  270  280  290  300  310  320  330  340  350  360  370  380  390 210  220  230  240  250  260  270  280  290  300  310  320  330  340  350  360  370  380  390  400   %   0   100   m/z  200  210  220  230  240  250  260  270  280  290  300  310  320  330  340  350  360  370  380  390 
Figure 3: Structure elucidation of M17 and the newly identified M21 by comparing product ion scan mass spectra and retention time with the structurally known OSI-420 and M13. OSI-420 (A) and M17 (C) have a great loss of methoxyethane at R2 (m/z 322 and m/z 338 respectively), a minor loss of ethanol at R1 (m/z 336 and m/z 352 respectively) and elutes prior to their corresponding isomers supporting an identical arrangement of the methoxyethane and methanol in the OSI-420 and M17 metabolic structures. M13 (B) and M21 (D) show a balanced distribution between R1 (322 m/z and 338 m/z) and R2 (336 m/z and 352 m/z) losses indicating that ethanol and methoxyethane are arranged identically in the M13 and M21 metabolic structures.
Stability
Erlotinib, OSI-420 and didesmethyl erlotinib were stable in plasma for 24 h at room temperature, for three freeze-thaw cycles and for at least 3 months at -20°C storage, table 4. Processed samples were stable for 24 h at 5°C. HLM generated metabolites were stable for three freeze-thaw cycles (n=3) at low and high control levels. Erlotinib metabolites above LLOQ (M3, M11, M16, M6, M19, M7, M13) in patient plasma samples (n=2) were stable for 10 weeks at -80°C (CV < 15 %, n=3), except from M3. Increased variability was observed for M11 (CV 27 % and 30 %), M16 (CV 16 % and 18 %) and M7 (CV 20 % and 10 %). However, no increasing or decreasing trends were observed for M11, M16 or M7. 
Clinical application
All metabolites, except for M17, were detected in patient samples (n=4) at varying concentrations, table 5. M20 was detected but below LLOQ. A typical chromatogram is shown in figure 1C . 
Discussion
We present a sensitive and simple method for quantification of erlotinib, OSI-420 and didesmethyl erlotinib and for semi-quantification of HLM generated metabolites.
The simultaneous monitoring of all analytes was enabled by sub optimization of erlotinib collision energy and detection of the isotope ion (m/z 395.2 instead of m/z 394.2). Signal saturation was observed for erlotinib and erlotinib-d6 at high concentrations. To avoid a saturated internal standard affecting the metabolite quantification, OSI-594 was used as internal standard for all metabolites.
Due to the saturation of erlotinib, the most suitable calibration model was a quadratic regression with ln axis transformation. Linear regression (1/x) was used for OSI-420 and didesmethyl erlotinib.
The HLM generated metabolites were quantified using the calibration of either OSI-420 or didesmethyl erlotinib depending on the expected levels in patient samples. Even though accurate metabolite concentrations cannot be assured as the accuracy of the method cannot be determined without reference standards the high precision allows for comparison between patients.
OSI-420, considered to be the major erlotinib metabolite, is reported separately from its position isomer M13 in this method, figure 2C . But the results from HLM and patient samples indicates that the major erlotinib metabolite is M13, figure 1C and 2C. M13 have a 6-fold higher average concentration than OSI-420, consistent with the previously reported peak height ratio in rat liver [24] . The certificate of analysis of the reference substance only contains MS and H-NMR data which cannot be readily used to distinguish between OSI-420 and M13.
The in vitro model of HLM, resembling the liver in vivo conditions, was used to produce erlotinib metabolites. The essential cofactors, present in vivo, were added to the HLM for enzyme activation of the CYP and UGT enzymes. The effect of other metabolic enzymes cannot be studied using the model system used in this study.
In general, a good correlation between HLM generated metabolites and patient samples was observed but M6 was high in HLM whilst low in patient samples and vice versa for M3. M17 and M21 was equally distributed in HLM but M21 was the most abundant in patient samples.
The HLM generated samples identified all previously known erlotinib metabolites in healthy volunteers, except from a glucuronide M18 and a sulfate metabolite M9 [11] . Presumably M9 lacked the corresponding cofactor and M18 demanded longer incubation time or other environmental settings.
Three novel metabolites, M19, M20 and M21 were identified in HLM and were confirmed in patient samples. The structures were determined based on product ion spectra from LC-MS/MS.
Structure suggestions for M17 and its position isomer M21 was possible based on correlating mass spectra and relative retention times. The spectral differences between the position isomers, OSI-420:M13 and M17:M21, might be caused by a more easily removed methoxyethane group compared to the ethanol group and that R2 is more exposed to fragmentation because of its three-dimensional orientation.
Long term stability of the glucuronides (M3, M8/10 and M20) could not be established in the validation process. M3 was exposed to degradation but no conversion into other metabolites was observed. The same degradation trend was observed for M8/10 and M20. Glucuronides are highly polar analytes in the later biotransformational steps before elimination and are in generally not active analytes and would therefore most likely not contribute to the clinical effect. To avoid glucuronide degradation, analysis shortly after sampling is recommended.
The metabolites M7, M16 and M11 are likely stable even though the CV is higher than expected. No degradation trends can be seen and the CV probably reflects method variation rather than stability issues.
The method was successfully applied to analyze clinical samples. Erlotinib was in the expected concentration range based on previously reports [12] . Mean concentrations of OSI-420 and M13 were 1.6 % and 10.3 % of erlotinib mean concentration respectively and combined they represent the expected percentage of erlotinib levels previously reported at steady state [12] . Didesmethyl erlotinib was present in low concentrations in human plasma, less than 1 % of erlotinib, and have to the best of our knowledge not previously been reported.
Conclusions
We developed a sensitive method for quantification of erlotinib, OSI-420 and didesmethyl erlotinib and semi-quantification of HLM generated metabolites. Of the 14 HLM generated metabolites, three novel metabolites were found and their structures determined. The method fulfilled all the requirements in international validation guidelines. With a simple sample preparation and a rapid seven minute analysis the method is suitable for clinical studies and TDM of erlotinib and its metabolites.
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